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ABSTRACT

We use the hydrodynamical EAGLE simulation to predict the numbers, masses, and radial distributions of tidally stripped galaxy
nuclei in massive galaxy clusters, and compare these results to observations of ultracompact dwarf galaxies (UCDs) in the Virgo
cluster. We trace the merger trees of galaxies in massive galaxy clusters back in time and determine the numbers and masses of
stripped nuclei from galaxies disrupted in mergers. The spatial distribution of stripped nuclei in the simulations is consistent with
those of UCDs surrounding massive galaxies in the Virgo cluster. Additionally, the numbers of stripped nuclei are consistent
with the numbers of M > 107 Mg UCDs around individual galaxies and in the Virgo cluster as a whole. The mass distributions in
this mass range are also consistent. We find that the numbers of stripped nuclei surrounding individual galaxies correlate better
with the stellar or halo mass of individual galaxies than the total cluster mass. We conclude that most high mass (M > 10" M)
UCDs are likely stripped nuclei. It is difficult to draw reliable conclusions about low mass (M < 107 My) UCDs because of
observational selection effects. We additionally predict that a few hundred stripped nuclei below a mass of 2 x 10° M, should
exist in massive galaxies that will overlap in mass with the globular cluster population. Approximately 1-3 stripped nuclei in
the process of forming also exist per massive galaxy.
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1 INTRODUCTION

Ultracompact dwarf galaxies (UCDs) were first discovered in
spectroscopic surveys of the Fornax cluster (Hilker et al. 1999;
Drinkwater et al. 2000) and have since been discovered in other
clusters (Mieske, Hilker & Infante 2004; Hagegan et al. 2005; Mieske
et al. 2007; Madrid et al. 2010; Misgeld et al. 2011; Caso et al. 2013;
Zhang et al. 2015), in galaxy groups (Evstigneeva et al. 2007; Da
Rocha et al. 2011; Madrid & Donzelli 2013) and around isolated
galaxies (Hau et al. 2009). UCDs appear as objects intermediate
between globular clusters (GCs) and dwarf galaxies having absolute
magnitudes —14.0 mag < M, < —10 mag (Voggel, Hilker & Richtler
2016) and half-light radii of 7 pc < r, < 100 pc (Mieske &
Kroupa 2008). They have central velocity dispersions similar to
dwarf galaxies, of approximately 20 < ¢ < 50 km s~!, giving
dynamical masses of approximately 2 x 10° to 10% My, (Hagegan
et al. 2005; Hilker et al. 2008; Mieske & Kroupa 2008; Mieske et al.
2013). They typically have old stellar populations, with ages of at
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least 8 Gyr (Chilingarian et al. 2011; Janz et al. 2015). The method
by which UCDs form is a matter of some debate, and there are
a variety of competing formation theories. One scenario contends
that they are the high-mass end of the GC mass function around
galaxies with rich GC systems (Mieske, Hilker & Infante 2002;
Mieske, Hilker & Misgeld 2012), possibly formed from the merger
of many GCs in star cluster complexes (Kroupa 1998; Fellhauer
& Kroupa 2002; Briins et al. 2011; Briins & Kroupa 2012). The
alternate scenario is that they are the compact nuclei of dwarf galaxies
that underwent galaxy threshing leaving only the nucleus remaining
(Bassino, Muzzio & Rabolli 1994; Bekki, Couch & Drinkwater 2001;
Bekki et al. 2003; Drinkwater et al. 2003; Goerdt et al. 2008; Pfeffer
& Baumgardt 2013; Pfeffer et al. 2014). There is a growing body
of evidence that neither formation scenario is responsible for the
full UCD population and that both the main scenarios make up
some portion of the UCD population (Mieske et al. 2006; Brodie
et al. 2011; Chilingarian et al. 2011; Da Rocha et al. 2011; Norris
& Kannappan 2011; Pfeffer et al. 2014, 2016). Aside from a few
distinct objects that contain central supermassive black holes or
feature extended star formation histories (e.g. Seth et al. 2014; Norris
etal. 2015; Ahnetal. 2017, 2018) it is difficult to distinguish between
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the different formation scenarios since they predict similar internal
UCD properties. Therefore, determining what role each mechanism
plays in the formation of UCDs requires predictions from simulations
on how each process may contribute to the formation of UCD
populations.

Stripped nuclei are a likely explanation for at least some percentage
of the UCD population for a variety of reasons. In structure and
properties, UCDs bear many resemblances to the compact nuclei
of galaxies: They overlap the luminosity distribution of nuclei
(Drinkwater et al. 2004), and follow a similar size—luminosity
distribution while being approximately 2.2 times larger than galaxy
nuclei at the same luminosity (Evstigneeva et al. 2008). They
have similar internal velocity dispersions (Drinkwater et al. 2003),
follow dwarf elliptical nuclei on the colour-magnitude diagram
(Coté et al. 2006; Evstigneeva et al. 2008; Brodie et al. 2011),
and have similar metallicities to dwarf galaxies, while lying above
the metallicity—luminosity relation (Chilingarian et al. 2011; Francis
et al. 2012; Spengler et al. 2017; Zhang et al. 2018). This would be
expected in the case of tidal stripping as it would cause luminosity
to decrease while metallicity remains constant. Janz et al. (2015)
found a transition in UCD stellar populations at M = 2 x 107 Mg,
which they interpreted as the point at which UCDs transition from
being composed of a mixture of stripped nuclei and GCs to being
composed primarily of stripped nuclei. Some UCDs have been found
to have stellar haloes which might be the remains of the original
galaxies (Drinkwater et al. 2003; Hasegan et al. 2005; Chilingarian
& Mamon 2008; Evstigneeva et al. 2008; Chiboucas et al. 2011).
Other UCDs show evidence of tidal tail-like features (Voggel et al.
2016), and a UCD in the Virgo cluster, M59-UCD3, has a tidal
stream pointing towards it which is potentially the remnant of its
tidally stripped galaxy (Liu et al. 2015b). Irregular objects have been
found which may be dwarf galaxy nuclei in the process of being
tidally stripped (Richtler et al. 2005; Brodie et al. 2011; Jennings
et al. 2015). Tidal stripping is a confirmed origin for several UCDs
(Seth et al. 2014; Norris et al. 2015) due to the indirect evidence
of a supermassive black hole. The nearby nucleated dwarf galaxy
Sagittarius that is undergoing tidal stripping around the Milky Way
is the closest example of a possible UCD in formation (Ibata, Gilmore
& Irwin 1994; Carretta et al. 2010). Tidal stripping is also a possible
formation mechanism for compact elliptical (cE) galaxies (e.g. Huxor
etal. 2011).

Pioneering simulations established that galaxy stripping can
produce objects with similar properties to UCDs (Bassino et al.
1994; Bekki et al. 2001, 2003; Pfeffer & Baumgardt 2013). Several
simulations have been carried out for UCD formation in static
potentials (Bekki et al. 2003; Goerdt et al. 2008; Thomas, Drinkwater
& Evstigneeva 2008), and suggest that the radial distributions of UCD
populations should be centrally concentrated. The models predict too
few UCDs at large radii, however, and static models have limitations,
such as being unable to account for UCD formation within smaller
subclusters that subsequently merged with the larger one, as well as
an inability to account for time-varying potentials. Triaxial potentials
resulting in box or other chaotic orbits are also possible for dwarf
galaxies (Pfeffer & Baumgardt 2013) and may provide more accurate
models of UCD formation. Pfeffer et al. (2014, 2016) carried out the
first investigations of the contribution of galaxy stripping to the UCD
population using cosmological simulations of galaxy formation. By
modelling the formation of stripped nuclei in the Millennium II
simulations (Boylan-Kolchin et al. 2009), combined with a semi-
analytical model for galaxy formation (Guo et al. 2011), it was
found that at most 10 per cent of UCDs in the Fornax cluster could
have formed by tidal stripping. However, semi-analytical models
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of galaxy formation have some limitations. The lack of a baryonic
component for galaxies affects the time taken for them to undergo
stripping, and the numbers of galaxies stripped. Modelling UCD for-
mation with hydrodynamical simulations may provide more accurate
results.

In this paper, we use the EAGLE simulation of galaxy formation
and evolution (Crain et al. 2015; Schaye et al. 2015) to simulate our
new method of stripped nuclei formation and predict the numbers,
masses, and distributions of stripped nuclei. We then compare these
properties to observations. We aim to determine whether the radial
distributions, numbers, and masses of UCDs in large galaxy clusters
can be explained by tidal stripping of galactic nuclei, whether the
UCD population is primarily dependent on central galaxy mass or
host cluster mass, and also whether transitional objects, galaxies in
the process of being stripped, exist in the simulations. Throughout
the paper, the objects formed are referred to as stripped nuclei as they
resemble both GCs and UCDs and more than one formation channel
may contribute to UCD formation.

This paper has the following organization. The method by which
we identified stripped nuclei in the EAGLE simulations is described
in Section 2. The results of our research are presented in Section 3. We
discuss the implications of our work for models of UCD formation
in Section 4, and a summary of our results is given in Section 5.

2 METHODS AND OBSERVATIONS

In this section, we give an overview of the EAGLE simulations used
to identify stripped nuclei by tracking the most tightly bound star
particles of galaxies in the simulation. We also give an overview of
the observations of UCDs and the methods used for comparison.

2.1 Overview of simulations

Hydrodynamical simulations of galaxy formation can, in principle,
predict the distribution of galaxies much more accurately than semi-
analytical simulations due to the addition of baryonic particles. By
directly accounting for the presence of baryonic matter, fluid motions
can be calculated as well as gravity. This will impact the time-scale on
which the gas in satellite galaxies undergoes ram-pressure stripping
and the stellar component is stripped through tidal forces, and
therefore influence the number of galaxies stripped in the simulation.
Additionally, the presence of baryonic matter allows for properties
of galaxies such as stellar and black hole mass to be determined
directly from the baryonic particles in the simulation. In this work,
we use the state-of-the-art hydrodynamical EAGLE simulations
(Crain et al. 2015; Schaye et al. 2015). The EAGLE simulations
are well tested and reproduce many properties of evolving galaxy
populations. Feedback from supernovae and black holes is calibrated
to reproduce the z = 0 galaxy mass function, galaxy sizes, and black
hole masses (Schaye et al. 2015). The simulations also reproduce
the evolution of the galaxy mass function (Furlong et al. 2015) and
galaxy sizes (Furlong et al. 2017), galaxy luminosities and colours
(Trayford et al. 2015), cold gas properties (Crain et al. 2015; Lagos
et al. 2015), and largely reproduce the cosmic star formation rate
(SFR) density and specific SFR—galaxy mass relation (Furlong et al.
2015).

The largest of the EAGLE simulations has a box side length of
100 comoving Mpc, large enough to contain ten thousand galaxies
of the mass of the Milky Way or larger, and is made up of a total
of 6.8 billion particles. Baryonic particles in the simulation have
an initial mass of 1.81 x 10° My and dark matter particles a mass
of 9.70 x 10° Mg, meaning galaxies with as low a stellar mass as
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Table 1. List of clusters analysed from the EAGLE simulation.

Cluster ID FoF Mass (Mg) Critical mass (Mg) Most massive galaxy (Mg)
28000000000000 6.42 x 10' 1.87 x 10 4.65 x 101
28000000000001 6.22 x 10 3.73 x 104 3.53 x 10!
28000000000002 3.76 x 10 3.00 x 10 2.99 x 101
28000000000003 3.48 x 101 3.07 x 104 4.48 x 101
28000000000004 2.50 x 10'* 1.96 x 104 2.05 x 101
28000000000005 2.31 x 10 1.98 x 104 3.73 x 10!
28000000000006 2.05 x 10' 1.30 x 104 2.37 x 101

Table 2. Most massive EAGLE Cluster: ID = 28000000000000.

Step Number

Galaxies in cluster with stellar mass > 1 x 107 Mg, 678 galaxies

Post stripped nuclei processing: galaxies with stripped nuclei
Post stripped nuclei processing: galaxies with stripped nuclei M > 2 x 10° Mg,

313 galaxies
111 galaxies

1 x 108 Mg, are resolved by more than 50 particles. We use three
forms of data from the EAGLE simulation in this paper:

Online Data base
(1) Halo and galaxy data for the simulation is stored in an online
data base (McAlpine et al. 2016). The data base can be used to
determine information such as galaxy masses and merger trees for
use in the analysis of tidally stripped nuclei without relying on the
more cumbersome particle data.
Raw Particle Data
(ii) The individual particle data can be downloaded from the
EAGLE website. The raw particle data are required to determine the
locations of the stripped nuclei, but we did the bulk of our analysis
using the online data base, to reduce the amount of information that
must be processed.
Linking Data base
(iii) We linked the online data base and raw particle data through
a data base we created that connects the ID of each galaxy in the
online data base to the ID of its most bound star particle (MBP) in
the particle data.

2.2 Simulated cluster selection

As our objective is to compare the properties of tidally stripped nuclei
in the simulations to those of observed UCDs in the Virgo cluster,
we begin by selecting clusters in the most massive of the EAGLE
simulations, RefLO100N 1504, which has a box size of 100 comoving
Mpc containing 2 x 15043 particles. The most massive cluster in this
simulation has a Friend-of-Friends (FoF) mass of 6.4 x 10'* My and
Mg = 1.87 x 10'* My,. We further select six other clusters in the
simulation with Mgy above 1 x 10'* Mg for subsequent analysis.
Properties of the seven clusters are outlined in Table 1.

The FoF mass is determined by linking spatially connected
structure. A linking length is defined, and every nearby particle that
has a distance shorter than that length is connected (Davis et al.
1985). EAGLE has a defined linking length of 0.2 times the mean
interparticle separation. The critical mass or My is the total mass
within the R, radius, which is the physical radius within which the
cluster density is 200 times the critical density of the universe. The
critical mass is generally considered to be a more observationally
comparable property than the FoF mass, but it does not take into
account non-spherical distributions since it uses a single radius.
This can be a problem for the most massive structures since they
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are often not fully virialized and/or may be composed of several
massive substructures. Similar issues can occur when considering
observations of clusters such as Virgo.

‘We will use both these masses in this paper, and when considering
Mo, we will only include the stripped nuclei that are found within
Rapo. For comparisons with Virgo, we will work primarily with
the most massive simulated cluster that has a similar luminosity
function to Virgo. In cases where we directly compare the masses
of our simulated clusters to Virgo we will use the Virgo masses
M =55 x 10" Mg (Durrell et al. 2014), which was obtained
by combining the masses of subclusters within Virgo, making it
comparable to the FoF mass, and a critical mass of Myy =
4.2 x 10" Mg, (McLaughlin 1999).

2.3 Identifying stripped nuclei

UCDs are too compact to be fully resolved in the EAGLE simula-
tions, but the EAGLE particle masses of 1.81 x 10° M, for baryonic
particles is similar to the mass range of observed UCDs (2 x 10° Mg
to 10® Mg). Therefore, we define the central, MBP of a galaxy before
its merger as the nucleus of the galaxy. We use that MBP to track
the position of the nucleus following the merger, through to redshift
zero. Star particles are not affected by hydrodynamic forces, and so
will behave in a similar way gravitationally to nuclear star clusters,
meaning they can be used to model nuclei behaviour. We did not use
the other types of particles found in the simulation to track nuclei
because they may behave differently than nuclear star clusters: i.e. a
gas particle disappearing from the simulation due to accretion or a
black hole particle experiencing mergers. The exact star particle that
is most bound can vary from snapshot to snapshot, so we tested this
method by repeating some of our analysis with the fifth most bound
particle. This was found not to affect our results.

To create a sample of candidate galaxies that could be disrupted to
become stripped nuclei, we carried out the following steps. Note that
we designed the process to create a sample of possible progenitor
galaxies in the simulation and a sample of their most bound particles.
The numbers of galaxies or stripped nuclei remaining after each step
are listed in Tables 2 and 3.

(i) First, for a cluster in the simulation, we define the massive
galaxies in the cluster at z = 0 that will have potentially disrupted
smaller galaxies in the past. Galaxies in the simulation are defined as
potential disrupting galaxies if they have a stellar mass greater than
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Table 3. Most massive galaxy in Cluster ID = 28000000000000: Galaxy ID = 21242350.

Step

Number

Number of unique galaxies in merger tree
Galaxies with stellar mass > 1 x 10’ Mg
Number of galaxies that merged via minor mergers

Number of stripped nuclei that did not spiral in due to dynamical friction

Number of stripped nuclei M > 2 x 10° Mg
Non-anomalous galaxies
Fraction nucleated

22056 galaxies
1238 galaxies
1122 galaxies

1080 stripped nuclei
145 stripped nuclei
118 stripped nuclei
80 stripped nuclei

107 My, as this mass approaches the lower limit at which galaxies
can be defined in the EAGLE simulation.

(i) In order to identify stripped nuclei, we traced back the
merger trees of these massive galaxies to find mergers involving any
progenitor galaxies with stellar mass > 107 My. Sdnchez-Janssen
et al. (2019) found that at a stellar mass of 107 Mg, approximately
30 per cent of galaxies are nucleated and have a mean nuclear star
cluster to galaxy mass ratio of 1.7 per cent. Therefore, our stripped
nuclei sample will be unreliable below a mass of ~1.7 x 105 Mg,
We will also lose several objects above this mass due to scatter in
the nuclear star cluster to galaxy mass ratio relation. As we primarily
focus on M > 2 x 10° M, objects, this should not affect our results.

(iii) Galaxies in the merger tree may appear in multiple snapshots
before merger, so we reduce the merger tree to unique galaxies. This
was done by selecting the progenitor galaxy immediately before its
merger, and determining the particle ID of the MBP in this snapshot.

(iv) We then used the particle data to determine properties for the
most bound particles, defined as galaxy nuclei, such as their position
atz =0.

The next step was to determine whether the nuclei of the progenitor
galaxies could have survived to z = 0 and become potential UCDs.
We consider that a stripped nucleus is formed in a merger if the
following conditions are satisfied:

(1) The merger between the progenitor and the central galaxy was
a minor merger rather than a major one. For a merger to be minor,
the stellar mass ratio between the two galaxies must be smaller than
1/4 (Qu et al. 2017). During major mergers instead of one galaxy
being stripped by a more massive one, both galaxies will be highly
disrupted (Casteels et al. 2014).

(i1) The time the stripped nucleus has been orbiting its central
galaxy is shorter than its dynamical friction time-scale. We calculated
the dynamical friction time-scale with equations (7-26) from Binney
& Tremaine (1987), modified with an eccentricity function as defined
in appendix B of Lacey & Cole (1993). To calculate the eccentricity,
we first determine the circular velocity of the particle around the
central galaxy from the virial velocity and radius of the halo.
The angular momentum of the particle around the central galaxy
is then calculated from its velocity and position relative to the
central galaxy. Next, the energy of the particle is calculated from
the circular velocity, particle velocity, and radius around the central
galaxy. This energy is then used to calculate the radius the particle
would have if it were on a circular orbit. The angular momentum
for the circular orbit is then calculated from the circular radius and
velocity. Next, the eccentricity is determined by taking the ratio of the
true angular momentum and the circular orbit angular momentum.
Finally, the dynamical friction is calculated using the eccentricity
function (equation B4 from Lacey & Cole 1993), circular radius,
circular velocity, and mass of the stripped nucleus (see Section 2.4).

Stripped nuclei with dynamical friction time-scales shorter than
the orbital time will have spiralled inwards and merged with the
central galaxy before the final (z = 0) snapshot.

2.4 Nucleation fraction and nucleus mass

UCDs are most commonly defined as having masses greater than
2 x 10° Mg, (e.g. Mieske et al. 2008), so our analysis will primarily
focus on objects above this mass. Two crucial aspects of our study
that will impact the numbers and masses of our simulated UCDs are
the fraction of stripped galaxies that are nucleated and the masses of
the nuclei within those galaxies.

2.4.1 Nucleation fraction

‘We base our estimate of the number of galaxies that are nucleated on
fig. 2 from Sanchez-Janssen et al. (2019), which plots the fraction
of nucleated galaxies in the Virgo, Fornax and Coma clusters. In the
Virgo Cluster, the galaxy nucleation fraction peaks at approximately
90 per cent for galaxies with stellar mass ~10° Mg and linearly
declines for more and less massive galaxies, on a logarithmic scale.
The nucleation fraction reaches zero at approximately M, = 10'' Mg,
for high mass galaxies and 5 x 10° Mg for low-mass galaxies.
When considering the nucleation fraction for galaxies, we primarily
work with fractions of stripped nuclei rather than choosing a random
sample of stripped nuclei in each mass range.

2.4.2 Nucleus mass

The masses of the resulting stripped nuclei can be estimated from the
original progenitor galaxy’s stellar mass. We base our nuclei mass
estimates on fig. 9. from Sdnchez-Janssen et al. (2019), which plots
the ratio of nuclear star cluster to galaxy mass as a function of galaxy
stellar mass. The mass ratio has a minimum of approximately 0.36
per cent for galaxies with stellar mass 3 x 10° M, and then increases
for more and less massive galaxies. To determine the masses of the
stripped nuclei, we assign each one a mass randomly chosen from a
lognormal mass function for the nucleus-to-galaxy mass ratio with
a mean chosen by applying linear fits to the upper and lower mass
ranges of fig. 9 in Sdnchez-Janssen et al. (2019) and a lognormal
standard deviation of 0.4 dex.

Tidal stripping for the nuclear cluster is not taken into account.
This may cause us to slightly overestimate the masses of the resulting
stripped nuclei if they lose mass during the merger, although, the nu-
cleus is known to lose little mass during the stripping process (Bekki
et al. 2001, 2003). There is also the possible case of the nucleus
retaining some mass from the host galaxy halo so the stripped nucleus
would be more massive than the nuclear cluster itself (Pfeffer &
Baumgardt 2013; Liu et al. 2015b; Voggel et al. 2016), which would
cause us to underestimate the masses of the resulting stripped nuclei.
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2.5 Simulation corrections

There are several methodology issues related to the use of the EAGLE
simulations. These are induced by the limitations of the simulations
or our methods of tracking stripped nuclei.

One issue that relates to studying UCD formation in EAGLE is
the simulation mass resolution, induced by using a single particle to
represent a galactic nucleus. It is possible for the particle to be ejected
during the merger before the merger is complete and therefore not
accurately follow the path of the stripped nucleus. Our choice of the
MBP before merging as the nucleus makes this less probable.

Another issue is that galaxies in the merger tree occasionally
exhibit unstable behaviour during mergers (Qu et al. 2017), which
complicates the determination of the major—minor ratio, and the mass
of the resulting stripped nucleus. Occasionally, two merging galaxies
will appear to change masses radically between snapshots. This is
due to the SUBFIND (Springel et al. 2001; Dolag et al. 2009) routine
identifying particles attached to the central galaxy as being attached
to the progenitor galaxy, resulting in an apparent ‘see-saw’ change
in central and progenitor galaxy masses between snapshots. Fewer
than 5 per cent of mergers exhibit this behaviour, but it can lead to
an overestimate of stripped nuclei masses and numbers. To combat
this, when determining mass ratios, we take the mass ratio from the
snapshot with the maximum central galaxy stellar mass in the five
snapshots before merger.

Due to stripping during a merger event, a progenitor galaxy in the
snapshot immediately before a merger may have lost stellar mass
found in earlier snapshots. Therefore, for progenitor galaxies that
do not exhibit switching behaviour, we take the maximum stellar
mass in all snapshots before merger. In galaxies that do switch
masses, we take the stellar mass from the snapshot where the central
galaxy stellar mass is at a maximum, which may lead to a slight
underestimate of stellar mass for the progenitor galaxy in these cases.

The SUBFIND algorithm occasionally erroneously identifies small
dense stellar regions within galaxies as separate distinct objects
(Schaye et al. 2015). These objects are not genuine galaxies, and so
we discarded progenitor galaxies flagged as spurious in the EAGLE
data base.

Around 4 per cent of merging galaxies appear to be massive galax-
ies without any progenitors and an extremely low (< 107 M) dark
matter content. These galaxies are anomalous self-bound regions of
the host galaxy from a past merger the host galaxy experienced
(Wetzel, Cohn & White 2009). We excluded these galaxies as
potential progenitors by removing galaxies with dark matter content
< 107 Mg,

Because of the presence of diffuse stars and the possibility of
particles being misassigned to the wrong halo it is recommended that
the stellar mass of a galaxy be measured using a spherical aperture
in EAGLE (McAlpine et al. 2016). We use an aperture radius of
30 kpc, which is recommended due to being suited for comparisons
to observations (Schaye et al. 2015).

2.6 Observational data

To determine the contribution that stripped nuclei make to the UCD
population, we made comparisons with observations of UCDs in the
Virgo cluster. We made single galaxy radial distribution comparisons
with UCDs taken from the Next Generation Virgo Cluster Survey
(Ferrarese et al. 2012; Liu et al. 2015a). The survey finds 92
confirmed UCDs around M87, the galaxy closest to the centre of the
potential for the Virgo cluster, and 28 and 23 around the other massive
galaxies M49 and M60, respectively. The UCDs were defined as
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Figure 1. Projected, observed, distribution of 243 UCD candidates in the
Virgo cluster, described in Section 2.6 (Liu et al. 2020).

having projected half-light radii 11 < r, < 100 pc. The magnitude
range of UCDs for this study was 18.5 < g < 21.5 mag [—12.7 <
M, < 9.7, Virgo distance of 16.5 Mpc, distance modulus = 31.087
(Mei et al. 2007)].

With a mass-to-light ratio of 2.15 (M/L)¢ applied (Voggel et al.
2019), this magnitude range converts roughly to a mass range of
1.6 x 10° Mg <M <2.58 x 107 Mg. UCDs close to the centre of
galaxies may have been missed due to light saturation.

The mass—size relation of UCDs reaches 10 pc at a magnitude of
M, ~ —11 mag, or mass M ~ 10" Mg, (Norris & Kannappan 2011).
Because of the lower radius limit of 11 pc used to take this sample,
the UCDs at masses below ~10” M, are likely to be undersampled.
Therefore, when comparing this sample to our simulation data, we
will primarily work with stripped nuclei above this mass. This limit
will also result in a smaller number of UCDs with M > 107 M, being
undersampled.

Our analysis with the full simulated clusters was made using a
new sample of 243 UCD candidates in the Virgo cluster (Liu et al.
2020). The completeness level of the sample is over 90 per cent and
is selected using the same range in ry, as the Liu et al. (2015a) UCDs,
with magnitude g < 21.5 mag (mass range M > 1.6 x 10° My).
The sample is subject to the same radius—mass undersampling as
the single galaxy comparison. Fig. 1 shows the distribution of these
UCDs on the sky, with the position converted from right ascension
and declination to megaparsecs.

When considering the number of stripped nuclei found around
simulated galaxies, we can consider both the ‘merger-tree’ and the
‘aperture’ samples. The merger tree sample is taken directly from
disrupted galaxies found in the merger tree of the central galaxy
and is a direct representation of the number of satellite galaxies
stripped by the central galaxy. This sample is the most reliable
for determining the number of stripped nuclei directly formed by
progenitors disrupted by a galaxy, however, it may not be reliable
when making comparisons with observations. This method will not
account for stripped nuclei clustering around a massive galaxy that
may have been stripped by other smaller galaxies close to it, and it
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Figure 2. Projected distribution of all merger tree stripped nuclei formed
by the 10 most massive galaxies in the most massive EAGLE cluster. The
stripped nuclei largely cluster around the galaxy their progenitors merged
with.

will also include merger tree nuclei that may no longer be associated
with the central galaxy, that would not be seen in observations.

A more accurate method for comparing simulated stripped nuclei
to observations of UCDs is to take an aperture sample of stripped
nuclei found close to the galaxy. This is done by sampling all the
stripped nuclei within a defined radius around the galaxy. Thus,
the aperture sample will include stripped nuclei from other galaxies
close in projected distance to the central galaxy, and exclude merger
tree stripped nuclei that may be located some distance away. This
provides a more accurate comparison to observations, as observed
samples of UCDs are based on projected distance to massive galaxies.
However, it has the limitation of some stripped nuclei possibly being
‘double-counted’ if we are analysing multiple galaxies close to each
other and the apertures we are using for the multiple galaxies overlap.
Throughout the paper, the radius used for the aperture sample differs
depending on the variable measured but is chosen to be consistent
with observations. The distance the stripped nuclei sample extends
to is typically larger than the 30 kpc aperture radius EAGLE galaxy
stellar masses are measured within.

For both the merger tree and the aperture samples, we use a
projected distribution, for the sake of more accurate comparisons
to observations.

3 RESULTS

In this section, we present results from the analysis of the EAGLE
simulations described in Section 2. Where possible, we work with
fractions of stripped nuclei rather than randomly choosing a num-
ber of stripped nuclei to satisfy the progenitor galaxy nucleation
fractions, with direct number quotations using fractions, and plots
primarily working with a random selection.

3.1 Properties of most massive simulated cluster

Fig. 2 shows the distribution of all the stripped nuclei from the
merger trees of the 10 most massive galaxies of the most massive
cluster analysed, projected in the x—y plane of the simulation volume
(i.e. a random projection). The stellar masses of these galaxies and

Simulated stripped nuclei and UCDs 1857

Table 4. The 10 most massive galaxies of galaxy cluster ID =
28000000000000, and their merger tree stripped nuclei.

Galaxy ID  Stellar mass No.M>2x 10°Mg  No.M > 107 Mgy
21242350 4.65 x 10! 80 + 10 10.8 + 3.0
21109760 420 x 101 74 + 11 113 + 23
18481114 3.06 x 10! 414 + 6.0 6.1+ 1.8
13892596 1.86 x 10! 17.1 £ 3.0 3.0 + 1.1
13921560 1.85 x 111! 13.9 + 2.9 224 1.1
13938864 1.03 x 10! 55+ 15 0.75 + 0.48
13914718 9.61 x 100 7.0 + 1.6 1.20 &+ 0.89
8092293 8.98 x 100 51+ 14 1.00 £ 0.79
8071905 8.68 x 100 440 + 0.34 0.41 £ 0.56
13935854 7.81 x 1010 1.60 + 0.79 0.04 + 0.15

the number of stripped nuclei they formed via merging progenitors
is listed in Table 4. Similarly to Fig. 1, the stripped nuclei are not
spread throughout the cluster but largely grouped around massive
galaxies. Several of the stripped nuclei populations for the galaxies
appear to overlap in the projected view. We find that this cluster has
a total of 400 + 53 stripped nuclei above a mass of 2 x 10° M. Of
these, 51.8 & 7.7 were massive stripped nuclei M > 1 x 107 M, and
2.3 & 1.1 were more massive than 1 x 10% M.

A total of 109 galaxies in the cluster were found to be producers
of M > 2 x 105 Mg, stripped nuclei. The massive, central galaxies
of the cluster were found to be the primary producers of stripped
nuclei. The most massive galaxy (shown in red in Fig. 2) produced
80 % 10 or 19.9 & 4.5 per cent of the stripped nuclei found in the
whole cluster, including 20.8 = 1.8 per cent of stripped nuclei above
amass of 1 x 10’ Mg and 13.6 & 2.5 per cent of the stripped nuclei
above a mass of 1 x 108 Mg. The two most massive galaxies in the
cluster produced 38.5 & 9.0 per cent of the total M > 2 x 10® Mg
stripped nuclei population of the cluster and 43 + 14 per cent of
stripped nuclei above a mass of 1 x 107 Mg,

3.2 Comparisons between the most massive simulated galaxy
and the central Virgo cluster galaxy

Fig. 3 depicts the distribution of merger tree and aperture stripped
nuclei with mass > 2 x 10° Mg, surrounding the most massive
galaxy in the most massive cluster in the EAGLE simulation. The
merger tree stripped nuclei are represented by red stars and are the
nuclei of the progenitor galaxies that were stripped by the massive
galaxy. The aperture stripped nuclei are shown with open blue circles
and are a mixture of this galaxies merger tree nuclei and stripped
nuclei from the merger trees of satellite galaxies. In both cases, the
stripped nuclei cluster strongly around the massive galaxy with over
50 per cent of the nuclei located within 100 kiloparsec of the central
galaxy. Applying the Kolmogorov—Smirnov (KS) test to the radial
distributions of the merger tree and aperture stripped nuclei returns
p = 0.234, indicating that the two distributions are consistent.

Table 5 shows the numbers of stripped nuclei found for both
the merger tree and aperture samples of this galaxy. The number
of M > 2 x 10° Mg, stripped nuclei increases by 50 per cent
from the merger tree to the aperture sample, while the number of
M > 1 x 107 Mg, stripped nuclei increases by 27 per cent.

This suggests that the numbers of stripped nuclei surrounding
galaxies are more sensitive to aperture sampling than the radial
distributions are. When comparing with observations, we will only
use the aperture selection because the observed samples can only
use apertures. When comparing different simulated galaxies, we will
also consider the merger tree sample.
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Figure 3. X-Y plane projected merger-tree and aperture sampled M > 2 x
10° M, stripped nuclei for the most massive galaxy of the simulated cluster,
Galaxy ID = 21242350.

Table 5. Number of stripped nuclei around simulated galaxy ID =21242350.

Sample No.M>2x10° No.M>10"My No.M > 10% Mg
Merger tree 80 £ 10 10.8 £ 3.0 0.31 +£0.37
Aperture 120 + 14 13.743.8 0.95 + 0.37

3.2.1 Radial distributions of stripped nuclei compared with UCDs
in the Virgo cluster

The next step is to compare the numbers and distributions of our
simulated stripped nuclei to observations of UCDs in the Virgo
cluster. In Fig. 4, we compare the cumulative radial distributions
of the aperture sampled distribution of stripped nuclei associated
with the most massive galaxy of the simulated cluster with UCDs
associated with the dominant galaxy of the Virgo cluster, M87 (Liu
et al. 2015a). Both galaxies are located at centre of potentials in their
respective clusters and have similar masses. Within a 30 kpc radius,
the simulated galaxy has a stellar mass of 4.65 x 10'' My, while M87
has a stellar mass of 5.5 x 10'! My (Gebhardt & Thomas 2009).
An upper radius limit of 400 kpc was imposed on the simulated
stripped nuclei to match the observational selection. Visually, the
two distributions appear to have a strong correlation and applying
the KS test to these two distributions returns p = 0.460, indicating
that they are consistent.

3.2.2 Mass distributions of stripped nuclei and UCDs

We next compare masses of the stripped nuclei from the central
most massive galaxy of the most massive cluster to observed UCDs
around M87. For both galaxies, we use aperture samples, with a
400 kpc aperture, and the Virgo UCDs chosen from Liu et al. (2020).
Above 1 x 107 Mg, the simulated galaxy contains 14 + 4 stripped
nuclei, while M87 contains 18. Therefore, stripped nuclei are fully
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Figure 4. Aperture sampled radial distribution of M > 1 x 107 Mg, stripped
nuclei associated with the most massive simulated galaxy of the cluster and
UCDs around M87 (Liu et al. 2015a). An outer radius limit of 400 kpc was
imposed on the simulated distribution to account for observational limitations.
The two distributions were found to be consistent (KS test, p = 0.460).
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Figure 5. Comparative mass distributions for stripped nuclei from the most
massive simulated galaxy and M87 UCDs. The black line indicates the lower
luminosity limit for observed UCDs, and the red line the lower radius limit
below which UCDs are undersampled, converted to mass limits as described in
Section 2.6. The two distributions were consistent above a mass of 1 x 107 Mg
(KS test, p = 0.97). The objects are divided into seven bins from a minimum
mass of 1.6 x 10° Mg to a maximum of 2 x 10% Mg,

consistent with making up the 1 x 107 Mg, UCDs that surround M87,
when considering a singular central massive galaxy in two similar
clusters.

Applying the KS test to these two distributions for UCDs and
stripped nuclei above a mass of 1 x 107 Mg returns p = 0.97
indicating, that the mass distributions are consistent. Fig. 5 plots the
comparative mass distributions of both galaxies.

3.3 Comparisons with full Virgo cluster

‘We next compare the numbers and distributions of our stripped nuclei
sample from the full simulated cluster with observations of UCDs
throughout the entire extent of the Virgo cluster.
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Figure 6. Comparative mass distributions for stripped nuclei in the simulated
cluster and UCDs in Virgo. The black line indicates the mass corresponding to
the lower luminosity limit, while the red line indicates the mass corresponding
to the lower radius limit. The two distributions were found to be consistent
above a mass of 1 x 107 Mg (KS test, p = 0.51). The objects are divided
into seven bins from a minimum mass of 1.6 x 10° Mg to a maximum of
2 x 108 M.

3.3.1 Mass distribution comparison

Fig. 6 depicts the mass distribution of stripped nuclei and UCDs
for the simulated cluster and Virgo. Above a mass of 1 x 107 Mg,
the simulated cluster contains a total of 51.8 & 7.7 stripped nuclei,
including 2.3 #+ 1.1 above a mass of 1 x 108 M. In the Virgo cluster,
there are 40 UCDs above a mass of 1 x 107 M, including 2 above
amass of 1 x 10% Mg, indicating that stripped nuclei are consistent
with making up all of the UCDs in Virgo that are above a mass of
1 x 107 Mg, and all of the extremely massive M > 1 x 10% Mg
ones. Applying the KS test to the mass distributions of UCDs and
stripped nuclei above 1 x 107 M, returns p = 0.51, indicating that
the two distributions are consistent.

3.3.2 Radial distributions around the central three galaxies

Fig. 7 depicts the aperture sampled distribution of M > 1 x 10’ Mg,
stripped nuclei and UCDs for the three most massive galaxies in
the simulated cluster (Table 4) and in Virgo. Visually, the three
galaxies show similar distributions to the simulated galaxies. The
radial distributions of the stripped nuclei surrounding the simulated
galaxies were consistent between the three galaxies with p > 0.05.

The radial distributions of the simulated stripped nuclei are
consistent between the three different simulated galaxies. The ra-
dial distributions of UCDs around the observed galaxies are also
consistent.

Comparing each of the radial distributions of the aperture sampled
simulated M > 1 x 107 Mg, stripped nuclei to the Virgo galaxy
UCDs allows for a total of nine different distribution comparisons.
We found that all comparisons returned p-values above 0.05 except
for M60 and Galaxy ID = 21242350, which had p = 0.046. M60
appears to lack many UCDs at a low galactocentric distance. This
could be due to the difficulty of detecting UCDs at small radii around
observed galaxies because of the high surface brightnesses at the
centres of galaxies, or to the lower numbers of UCDs surrounding
M60 making the radial distribution less reliable. Visually, it appears
most similar to the simulated galaxy Galaxy ID = 18481114, which
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Figure 7. A combined plot of the radial distributions of aperture sampled
M > 1 x 107 Mg, stripped nuclei around simulated galaxies and UCDs around
the Virgo galaxies.
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Figure 8. The number of M > 1 x 107 Mg, stripped nuclei compared with
M0, including the Virgo cluster.

is the least massive of the three simulated galaxies and contains the
fewest stripped nuclei.

3.4 Comparisons with other simulated clusters

In addition to the massive cluster selected to compare with Virgo, we
further analyse six other clusters with Mgy > 1 x 10 M.

3.4.1 Numbers of stripped nuclei in clusters

When comparing the number of stripped nuclei in simulated clusters
to Virgo, we consider both the FOF mass and Mg, listed in Table 1.
Fig. 8 plots the number of M > 1 x 107 Mg, stripped nuclei as a
function of My, while Fig. 9 does the same for the FoF masses.
The number of stripped nuclei for the FoF masses is taken within
the whole cluster. For Mg, the stripped nuclei sample is taken
within Ryg. Vertical error bars are determined from the uncertainty
in nucleus mass and nucleation fraction. The My plot has a linear
relationship of log;g N = (0.75 £ 0.3) logjo M. —(9 % 4), while the
FoF plot has a relationship log;o N = (1.0 £ 0.2) log;o M, —(14 £ 2).
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Figure 9. The number of M > 1 x 107 Mg, stripped nuclei compared with
FoF mass, including the Virgo cluster.

1.0
—— Cluster 0

— —— Cluster 1
(4
V p.g4 — Cluster2
Z —— Cluster 3
< —— Cluster 4
2 0.6{ — Cluster 5
3 Cluster 6
Q
o
0.4
o /
o
C
°
5 0.2
°
w

0.0 1 —1

10! 102

Projected distance (kpc)

Figure 10. Aperture sampled cumulative distribution of M > 1 x 107 Mg
stripped nuclei around the central most massive galaxies of the simulated
clusters.

The number—cluster mass relations are consistent with the number
of observed UCDs in the Virgo Cluster (to 1), in both cases. The
overlapping relationships suggest that the distinction between FoF
and Mo may not be strictly necessary when comparing numbers
of stripped nuclei in galaxy clusters, although the predicted numbers
for the FoF masses trend lower.

3.4.2 Cumulative radial distributions around central galaxies

To verify that the stripped nuclei distributions of simulated galaxies
could explain the distributions of observed UCDs around observed
galaxies we need to test the amount of scatter in the simulations.
We do this by comparing radial distributions of simulated stripped
nuclei surrounding massive galaxies in different simulated clusters.
We will primarily work with the aperture sample of M > 1 x 10" Mg,
stripped nuclei, as the observed sample is largely complete in this
mass range and may be incomplete for lower masses.

Fig. 10 plots the aperture sampled cumulative radial distribution
of M > 1 x 107 M, stripped nuclei around the most massive galaxy
for the seven simulated clusters, shown in Table 1.
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Figure 11. Aperture sampled cumulative distribution of M > 1 x 107 Mg
stripped nuclei around the central most massive galaxies of the simulated
clusters divided by the projected physical radius enclosing half of the stellar
mass within 30 kpc.

From the seven galaxies, we can choose 21 different pairs of
galaxy stripped nuclei distributions to compare. Of these, 17/21 were
consistent above p > 0.05 and 18/21 above p > 0.01. Three of the
comparisons returned p < 0.01. All three of these p < 0.01 pairs
included a single galaxy, the massive one in Cluster 1.

The central galaxies in these seven clusters had a range of
properties such as radii, so we also considered the radial distributions
when rescaled by the half-mass radius of the stellar mass within
30 kpc, shown in Fig. 11. In this case, 18/21 of the radial distributions
were consistent above p > 0.05 and 20/21 were consistent above
p > 0.01. Two of the p < 0.05 pairs again included a single galaxy,
the massive one in Cluster 1.

The merger tree distributions for M > 1 x 107 Mg, stripped nuclei
were found not to require rescaling with all 21 being consistent above
p > 0.05.

The lower mass distributions were less consistent than the higher
mass ones. Few of the radial distributions for M > 2 x 10® Mg
stripped nuclei were consistent. This applied to both the merger
tree and aperture sampled distributions even when rescaled. Fig. 12
depicts the rescaled aperture sampled distribution of M > 2 x 10® Mg,
stripped nuclei.

3.4.3 Numbers of stripped nuclei in individual galaxies against
galaxy stellar mass

Fig. 13 plots the mean number of merger-tree M > 2 x 10° Mg
stripped nuclei in individual simulated galaxies for all seven clusters
binned by galaxy stellar mass, with horizontal error bars from the
binned mass range and vertical error bars from the uncertainty of the
mean. A linear fitis applied to the total distribution, and found to have
a relationship of logjo N = (1.53 £ 0.05) log;p M. —(16.0 & 0.6).
To determine whether there is a relationship between the stellar
masses of the host clusters and the number of stripped nuclei, we
then binned the numbers of stripped nuclei around galaxies in each
of the seven clusters separately. We applied a linear fit to each of
these seven plots using the same slope as the full fit to galaxies in all
seven clusters. We next determined the y-intercept of these separate
cluster fits and compared them to the y-intercept of the fit to all seven
clusters. For each separate fit, the y-intercept was found within 1o
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Figure 13. The total number of M > 2 x 10° M, stripped nuclei in individual
simulated galaxies binned by galaxy stellar mass. The horizontal error bars
are the mass range, the vertical error bars are the uncertainty of the mean.

of the y-intercept of the fit to all seven clusters, suggesting that the
stripped nuclei number to stellar mass relation is not influenced by
the mass of the cluster the galaxy is located within. This suggests
that while Figs 8 and 9 show a trend between the cluster mass and the
number of stripped nuclei, the number of stripped nuclei in a cluster
is more dependent on the numbers and masses of galaxies located
within the cluster than the total cluster mass. More massive clusters
have more stripped nuclei due to containing more massive galaxies
and a greater number of galaxies, which will produce more stripped
nuclei. The cluster mass itself does not have any influence on the
stripping process.

Fig. 14 plots the binned number of M > 1 x 107 M, stripped nuclei
around individual galaxies from all seven clusters, using the aperture
sample, as well as the number of UCDs observed surrounding the
three most massive galaxies in Virgo. In order to be consistent with
the simulated galaxies, we take the stellar mass of the observed
galaxies to be the enclosed stellar mass inside a radius of 30 kpc.
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Figure 14. Number of aperture sampled M > 1 x 107 Mg, UCDs and stripped
nuclei in individual galaxies for galaxies in our simulated cluster with stellar
mass M > 10'! M, and the three Virgo cluster galaxies, against galaxy stellar
mass. The simulated galaxy stripped nuclei numbers are taken from sampling
stripped nuclei in the area within 200 kpc radii of them. M87’s mass is from
Gebhardt & Thomas (2009), M60’s from Hwang et al. (2008), and M49’s
from Cote et al. (2003). The horizontal error bars are the mass range, the
vertical error bars are the standard deviation of each bin.

M87’s stellar mass inside this radius is from fig. 7 in Gebhardt &
Thomas (2009), M60’s is from fig. 10 in Hwang et al. (2008), and
M49’s is from fig. 17 in Cote et al. (2003). The total masses of the
galaxies within a radius of 100 kpc can be drawn from the same plots.
The horizontal error bars are from the binned mass range, while the
vertical error bars are from the standard deviation of the binned data.
A linear fit is applied to the total distribution and found to have a
relationship of log;o N = (1.2 = 0.3) log;o M, —(12.0 & 4). Plotting
the aperture sampled numbers of stripped nuclei gives considerably
more uncertainty than plotting the merger-tree numbers. This is
because if two galaxies are lying close together, their distributions
can overlap, resulting in stripped nuclei being double-counted for
these two galaxies, inflating the overall numbers of stripped nuclei.
To mitigate this issue, we implement the following criteria when
plotting simulated galaxies:

(i) We included only galaxies with stellar mass M > 1 x 10'' Mg,
because smaller galaxies are more likely to overlap with larger ones.

(ii) The sampled radius of stripped nuclei was restricted to
200 kpc, to reduce the number of galaxies with overlapping stripped
nuclei populations.

(iii) When two galaxies would have overlapping stripped nuclei
populations (distance between galaxies < 400 kpc), we excluded the
less massive of the two galaxies from the plot.

The plot shows substantially more scatter than the merger tree plot,
largely due to the more variable numbers produced by the apertures.
Of the Virgo galaxies, M49 and M60 are within 2 ¢ of the line
of best fit, and M87 is within lo, indicating that the numbers of
M > 107 My, stripped nuclei in the simulated galaxies are consistent
with the numbers of M > 107 My, UCDs within the Virgo galaxies.

3.4.4 Numbers of stripped nuclei in individual galaxies against
galaxy halo mass

In addition to comparing the number of stripped nuclei surrounding
galaxies to galaxy stellar mass, we compared the number to galaxy
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Figure 15. Same as Fig. 14, but with the total galaxy mass within an aperture
of 100 kpc against the number of aperture sampled M > 1 x 10’ Mg UCDs
and stripped nuclei within a 100 kpc radius.

halo mass, as some studies have suggested that halo mass is a better
predictor of UCD numbers than stellar mass (Pfeffer et al. 2014; Liu
et al. 2015a).

Fig. 15 plots the binned aperture sampled number of
M > 1 x 107 Mg, stripped nuclei around individual galaxies from all
seven clusters, as well as the number of UCDs observed surrounding
the three most massive galaxies in Virgo, against the total galaxy mass
within a 100 kpc aperture. The stripped nuclei are selected using the
same criteria as the stellar mass sample, however, we now sample
stripped nuclei within a 100 kpc radius to match the halo radius. We
take the total masses of the three observed Virgo galaxies from the
same sources as the stellar masses, as described in Section 3.4.3.
The horizontal error bars are from the binned mass range, while the
vertical error bars are from the standard deviation of the binned data.
A linear fit is applied to the total distribution, and was found to have
a relationship of log;p N = (0.6 £ 0.03) log;p M, —(7.4 £ 0.3).
The plot shows a similar amount of scatter to Fig. 14, but the Virgo
galaxies are more consistent with this fit than they are with the stellar
mass relation, with all three found within 1o of the line of best fit.

3.5 Low-mass stripped nuclei

We also find that a number of low mass M < 2 x 10° M, stripped
nuclei are created by tidal stripping. These stripped nuclei may not
be identified in observations as UCDs due to their low masses but
instead, be observed as GCs. Around the three most massive galaxies
in the most massive cluster, we find 321 443,289 £ 38, and 163 =21
low-mass stripped nuclei, respectively. This is low in comparison
to the number of GCs hosted in galaxies of this mass, with M87
predicted to host as many as 18 000 GCs (Oldham & Auger 2016)
and M60 to host a GC population of approximately 3700 (Forbes
et al. 2004). However, it should be noted that due to the limitation of
this study to simulated galaxies with stellar mass M > 1 x 10" Mg,
we likely underestimate the number of low-mass stripped nuclei and
instead the number should be taken as a lower limit.

Fig. 16 plots the mass distribution for low-mass stripped nuclei in
the most massive simulated cluster. While the distribution appears
to peak around M ~ 5 x 103 Mg, this is an artificial result of the
1 x 107 Mg, stellar mass limit on progenitor galaxies, and the true
peak is likely lower. We find a total of 1780 4= 240 low-mass stripped
nuclei in this cluster. Of these, 1400 & 190 are in the 10* Mg < M
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Figure 16. Mass distribution for all stripped nuclei from the most massive
simulated cluster including low mass M < 2 x 10°® Mg, stripped nuclei.

< 10° Mg, range typically defined for GCs. Virgo is known to host
67300 £ 1440 GCs (Durrell et al. 2014) indicating that several per
cent of the GCs in Virgo-sized galaxy clusters are likely stripped
nuclei.

Depending on their mass and size, these low-mass stripped nuclei
will either be seen as massive GCs or as low-mass stripped nuclei.
It should be noted that while M ~ 2 x 10° Mg, is often considered
the dividing mass between GCs and UCDs (e.g. Hagegan et al. 2005)
the UCD/GC divide is largely arbitrary and differs from study to
study, meaning that whether these objects would be classified as
UCDs or GCs would depend on other factors such as their size.
Forbes et al. (2013) for example, find several low luminosity UCDs
with sizes > 7 pc and My ~ —8 to —9 (M ~ few * 10° My,), that
would be similar to these low-mass stripped nuclei. Although the
number of stripped nuclei contributing to the overall GC population
will be small, each of these merging galaxies likely brought in
their own population of GCs. Modern cosmological hydrodynamical
galaxy formation simulations, including EAGLE, consistently find
that as much as 80 per cent of the mass of massive galaxies is
accreted (e.g. Oser et al. 2010; Rodriguez-Gomez et al. 2017;
Clauwens et al. 2018; Davison et al. 2020). Therefore, a large
portion of GCs found in massive galaxies will likely have been
contributed by the progenitor galaxies of the existing stripped nuclei
population.

3.6 Recently formed stripped nuclei

A small number of stripped nuclei will have been accreted within
the past two billion years. Instead of being seen as fully formed
objects, these stripped nuclei will likely appear as transitional objects
undergoing stripping, or with significant amounts of galaxy debris
surrounding them. For the most massive galaxies, we find 1-3 objects
of this sort per galaxy, and in the most massive cluster, we find
6.3 + 3.2 stripped nuclei that have merged within two billion years.
Depending on the pericentre of the stripped nuclei orbits, objects
older than 2 Gyr may also retain galaxy debris.

Additionally, since our method focuses on progenitor galaxies
found in merger-trees, we will likely miss a small number of stripped
nuclei in the process of forming that are made up of merging galaxies
that have suffered significant tidal stripping but are still considered
by EAGLE to be separate galaxies. Transitional objects of this sort
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have been observed in the nearby universe (Galianni et al. 2010;
Jennings et al. 2015).

Depending on the mass and surface density of the stellar debris
of our transitional objects, they may or may not be observable, i.e. a
10'° Mg, galaxy may be very clear, but a ~10” M, galaxy may not
be detectable without extremely deep imaging.

4 DISCUSSION

4.1 Can the radial distributions of UCDs in massive galaxy
clusters be explained by stripped galaxy nuclei?

4.1.1 Using the simulations to test the consistency of stripped
nuclei distributions

In Section 3.4.2, we compared radial distributions of central galaxies
to determine the scatter in the simulations. We found that the pre-
ferred method of comparing the radial distributions of stripped nuclei
around different simulated galaxies included only M > 1 x 10" Mg,
stripped nuclei and rescaled these distributions by the effective
radius, as shown in Fig. 11. In contrast to the higher mass sample,
the radial distributions of M > 2 x 10° Mg, stripped nuclei showed
large amounts of scatter.

The reason why some of the M > 1 x 107 M, stripped nuclei
distributions and few of the lower mass M > 2 x 10° M, stripped
nuclei distributions were inconsistent before rescaling is unknown.
However, one likely explanation is that the massive galaxies in each
of the clusters have different structures or cluster environments,
which would impact the distributions of stripped nuclei and the way
progenitor galaxies merged. This would have a greater impact on
the distributions of low-mass stripped nuclei, and the lower mass
merging galaxies which produced those nuclei because these objects
would be more sensitive to changes in environment. Supporting this
hypothesis is the fact that all M > 1 x 10" M, merger tree stripped
nuclei distributions were consistent even before rescaling, as this
sample does not include stripped nuclei from satellite galaxies and
is, therefore, less influenced by the environment surrounding the
galaxy than the aperture sample.

It should also be noted that 3/21 of the aperture sampled
M > 1 x 107 M, radial distributions that were inconsistent before
rescaling all included the same galaxy, the most massive one in
cluster 1, which then became more consistent with the other galaxies
when rescaled. This galaxy’s stripped nuclei population appeared
more shallow and extended than the other five in Fig. 10, which
is the reason why it was inconsistent before rescaling. The radial
distributions of the other galaxies did not require rescaling to be
consistent.

A caveat here is that we are comparing massive galaxies found
largely at centres of potential in their respective clusters. Less
massive or more isolated galaxies could have more or less consistent
distributions. Considering galaxies less massive than those found
here could be difficult, however, as lower mass galaxies contain
very few M > 1 x 107 Mg, stripped nuclei, as we found for the
most massive galaxy in the least massive cluster. Comparing the
distributions of M > 2 x 10° Mg stripped nuclei around less
massive galaxies could be valuable, however, especially if those
galaxies are more isolated and thus could be used to test whether
lower mass stripped nuclei are more influenced by the galaxy
environment.

An additional caveat is that rescaling massive galaxies by the half
stellar-mass radius within 30 kpc may not fully take into account
variables in the environment around those galaxies that will impact
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the distributions of stripped nuclei. For example, properties such as
the presence or lack of nearby massive galaxies, or the structure
of the dark matter halo. When comparing distributions of different
galaxies, a more detailed survey of the environment surrounding
those galaxies may be important to determine if the environments
could impact the consistency of the distributions.

From this we conclude that it is likely that lower mass
M < 1 x 10" Mg, stripped nuclei are more influenced by galaxy
structure and environment than higher mass M > 1 x 10" Mg
stripped nuclei, and this is likely to impact comparisons of radial
distributions of stripped nuclei and UCDs between galaxies. Higher
mass M > 1 x 107 Mg, stripped nuclei are a more viable option
when comparing radial distributions between simulations and ob-
servations, and rescaling the distributions is a viable method of
increasing consistency between the radial distributions of differently
structured massive galaxies for M > 1 x 10" Mg, stripped nuclei.
It may be desirable to compare the radial distributions of UCDs
around central galaxies found in different clusters such as Virgo
and Fornax to see if the distributions of observed UCDs are
consistent. Additionally, comparisons of the radial distributions for
UCDs of lower masses (M < 1 x 107 Mg) and those of higher
masses (M > 1 x 10" Mg) between galaxies could be made
to see if lower mass UCD distributions are observed to be more
disrupted.

4.1.2 Radial distributions of simulated stripped nuclei and
observed UCDs

Recent observations suggest that in the Virgo cluster, UCDs are
found clustered around the most massive galaxies rather than being
spread evenly throughout the cluster (Liu et al. 2020). Our simulation
results agree with this, with Fig. 2 showing that stripped nuclei
are associated with massive galaxies, which suggests that stripped
nuclei can account for the overall distributions of UCDs throughout
the Virgo cluster. Due to the strong evidence of clustering shown
by UCDs around massive galaxies in clusters, it is more valuable
to compare distributions of stripped nuclei around single galaxies,
rather than analysing the distribution of stripped nuclei throughout
clusters.

We found that in addition to the observed similar clustering
between UCDs and stripped nuclei, the radial distribution of UCDs
around M87 can be explained by the distribution of stripped nuclei
around the central galaxy of the most massive galaxy cluster
analysed, as shown in Fig. 4, with these two distributions being
consistent to p = 0.460 for M > 1 x 107 M, stripped nuclei. In Fig. 7,
we extended this comparison to the three massive simulated galaxies
in this massive cluster compared against the radial distributions of
the three Virgo cluster galaxies M87, M60, and M49 giving a total
of nine different distribution comparisons. All but one of the KS
tests between the simulated galaxies and Virgo galaxies returned
p > 0.05, and the remainder returned p = 0.046, which indicates the
distribution of UCDs around central galaxies in the Virgo cluster are
consistent with being stripped nuclei.

Thomas et al. (2008) found that the static model of galaxy
stripping underpredicts the number of stripped nuclei at large radii,
however, they noted that the static model has several challenges
that could cause the number of stripped nuclei at large radii to be
underestimated. Pfeffer et al. (2016) subsequently found that the
radial distribution of GCs + UCDs and stripped nuclei were very
consistent within 83 kpc for masses M > 5 x 10° Mg, but within
300 kpc and for masses M > 1 x 107 Mg, stripped nuclei had a
significantly more extended radial distribution than that of UCDs. In
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contrast to the previous studies, we found that the radial distributions
of stripped nuclei and UCDs were consistent up to 400 kpc for
stripped nuclei with masses M > 1 x 107 Mg, so we conclude that
the radial distributions of UCDs in the Virgo cluster are consistent
with the radial distributions produced by stripped nuclei. The reason
for the different results compared with Pfeffer et al. (2016) is likely
due to that work using dark matter only simulations that cannot
include important processes, such as the lack of a stellar component
causing dark matter haloes to disrupt at larger distances and a longer
merging time-scale allowing more time for dynamical friction to act.

4.2 Can the numbers and masses of UCDs in large galaxy
clusters be explained by stripped galaxy nuclei?

4.2.1 Numbers of stripped nuclei with masses M > 1 x 107 M,

Previous studies have suggested that stripped nuclei make up ap-
proximately two-thirds of M > 1 x 10’ Mg UCDs (e.g. Mieske et al.
2012; Pfeffer et al. 2014, 2016). Our findings are consistent with
these results, but also suggest that stripped nuclei could make up the
entirety of M > 1 x 107 M, UCDs.

Above 1 x 107 M, the most massive simulated galaxy in the most
massive cluster contains 14 £ 4 stripped nuclei, while M87 contains
18, indicating that stripped nuclei are consistent with making up
all of the 1 x 10”7 My UCDs that surround M87. Fig. 14 plots
the binned average number of M > 1 x 107 Mg stripped nuclei
found within massive simulated galaxies, along with the three Virgo
galaxies against stellar mass. All three Virgo galaxies are found
within 1o or 20 of the line of best fit indicating that stripped nuclei
can completely explain the number of M > 1 x 10" My UCDs
within these galaxies. In particular, the line of best fit predicts that
M&87 should have a total of 14.1 & 5.3 UCDs that fits well with the
actual number of 18.

Liu et al. (2015a) found that the number of UCDs associated with
observed galaxies is more closely correlated with the total mass of
the host system than the stellar mass. Pfeffer et al. (2014) found that
the number of stripped nuclei formed around simulated galaxies was
also more correlated with halo mass than stellar mass. In Fig. 15, we
plotted the binned average number of M > 1 x 107 M, stripped nuclei
against total mass within 100 kpc. The plot shows similar amounts of
scatter to the stellar mass plot making it difficult to confirm whether
the number of stripped nuclei is more closely correlated with halo
mass than stellar mass, however, this plot was more consistent with
the observed galaxies than the stellar mass plot. All three Virgo
galaxies are within 1o of the line of best fit, a higher consistency
than found with the stellar masses.

The most massive simulated cluster contained a total of 51.8 & 7.7
stripped nuclei, while in the Virgo cluster there are 40 UCDs above a
mass of 1 x 107 Mg, Figs 8 and 9 plot the number of stripped nuclei
in seven simulated clusters against the number of UCDs in Virgo for
both the FoF mass and M. In both cases, Virgo is found within
1o of the line of best fit, indicating that stripped nuclei are consistent
with making up the entirety of M > 1 x 107 My, UCDs in the Virgo
cluster.

In conclusion, our model of stripped nuclei formation correctly
predicts M > 1 x 10" Mg, UCD numbers for both individual galaxies
and in the full Virgo cluster.

4.2.2 Mass distributions of M > 1 x 10" Mg, stripped nuclei
Fig. 5 plots the binned number of stripped nuclei in the most

massive galaxy in the most massive simulated cluster along with
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UCDs surrounding M87, the central galaxy in the Virgo cluster.
A KS test found that the mass distributions of stripped nuclei and
UCDs are consistent above M > 1 x 10’ Mg, to p = 0.97. Fig. 6
extends this test to the full cluster and Virgo, and finds that the mass
distributions are consistent to p = 0.57. This indicates that the mass
distributions of simulated stripped nuclei and UCDs are consistent
above M > 1 x 107 Mg,

4.2.3 Stripped nuclei in the mass range 2 x 10 Mg < M <
1 x 10" Mg,

Because of observational limitations on the detection of UCDs in
the Virgo cluster, we can make no solid conclusions about what
percentage of the M < 1 x 107 Mg UCDs in Virgo are stripped
nuclei. However, in our most massive cluster, we find that 349 £ 46
of the 400 4 53 M > 2 x 10° My, stripped nuclei have masses in the
2 x 10°Mg < M < 1 x 107 Mg, range, indicating that 2 x 10° Mg,
<M < 1 x 107 M, stripped nuclei make up approximately 87 4 20
per cent of the stripped nuclei population in this cluster above a mass
of 2 x 10°® Mg, Pfeffer et al. (2014) predicted that stripped nuclei
could only make up 5-12 per cent of UCDs in the Fornax cluster
above a mass of M > 2 x 10° Mg,. For this to be true for the Virgo
cluster, Virgo would have to host a population of 3300-8000 UCDs,
substantially more than the current known 243. Therefore, we predict
that there either exists a large population of undiscovered low-mass
UCDs or a much larger percentage of the low-mass UCD population
is made up of stripped nuclei than previously predicted.

4.2.4 Stripped nuclei with masses M < 2 x 10° Mg

A number of GCs have been speculated to be stripped nuclei,
including Omega Centauri (Lee et al. 1999; Hilker & Richtler 2000),
M22 (Marino et al. 2009) NGC 1851 (Han et al. 2009), Terzan 5
(Ferraro et al. 2009), NGC 2419 (Cohen et al. 2010), NGC 3201
and (Simmerer et al. 2013) in the Milky Way and G1 (Meylan et al.
2001) and G78, G213, G280 (Fuentes-Carrera et al. 2008) in M31.
Our results predict that some stripped nuclei that are lower than the
typically defined minimum mass of M ~ 2 x 10® Mg, for UCDs
(e.g. Hilker 2015) should exist, and that massive galaxies should
contain a minimum of a few hundred, and massive clusters a few
thousand, stripped nuclei around the range of masses that are typical
of GCs. This is small in comparison to the several thousand GCs
these massive galaxies are seen to host, and the 67300 + 1440 GCs
Virgo hosts (Durrell et al. 2014). However, since even low-mass
galaxy nuclei can contain black holes, the presence of a black hole
with an unusually high mass might be used to discriminate between
stripped nuclei and GCs, and investigate the population of stripped
nuclei mingling with GCs. In a future work, we plan to predict the
ages, metallicities, and colours of stripped nuclei, so we will be able
to predict the properties these stripped nuclei GCs will have, which
will aid in finding them in observations.

4.3 Does the UCD population depend more on central galaxy
mass or host cluster mass?

We find that the numbers of UCDs around individual galaxies are
more strongly correlated with the stellar mass or halo mass of the
central galaxy than they are with the mass of the host cluster. Figs 13
and 14, respectively, plot the merger tree and aperture sampled
average numbers of stripped nuclei per galaxy against stellar mass,
while Fig. 15 plots aperture sampled numbers against halo mass. The
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merger tree distribution shows a clear linear trend between the two,
while the aperture sampled plots show more scatter, but still a linear
trend. For all graphs, there is no particular relationship between the
host cluster and the number of stripped nuclei surrounding galaxies
within the cluster, with the y-intercepts of the individual fits to each
cluster plotted with the same slope falling well within 1o of the
y-intercept of the fit to all the clusters.

Likely reasons for the correlation between stripped nuclei numbers
and halo mass are that the number of mergers a galaxy undergoes
will scale with the halo mass of the galaxy because of hierarchical
formation. The correlation between stellar mass and numbers of
stripped nuclei then follows on from the stellar mass—halo mass
relation, which becomes steep at high halo masses. This results in
an increase in scatter for the stellar mass—stripped nuclei number
relation, as galaxies of a given stellar mass may inhabit a large range
of halo masses.

While Figs 8 and 9 show a trend between cluster mass and stripped
nuclei numbers this likely follows on from the galaxy halo mass—
stripped nuclei number relation, rather than the mass of the cluster
influencing the numbers of stripped nuclei the galaxies within it form.

This result is, however, limited to M > 1 x 10 Mg, clusters, and
clusters with masses lower than this may have a different relationship
between cluster mass and the number of stripped nuclei. Pfeffer et al.
(2014) investigated clusters in the mass range of 1 x 10"* Mgy < M
< 1 x 10" Mg, and found that lower mass clusters are slightly more
efficient in producing stripped nuclei than higher mass ones, and our
narrow range of cluster masses makes it difficult to say for sure that
there is no dependence on cluster mass for the number of stripped
nuclei. As UCDs have been detected around isolated galaxies that are
not found within clusters, it would be worthwhile to plot them on the
galaxy mass—UCD number relation to test if they are consistent with
the number of UCDs found in galaxies in galaxy clusters. Another test
could be holding the central galaxy mass constant while comparing
different halo masses, however, this would be difficult due to the
correlation between central galaxy mass and halo masses.

Fig. 10 depicts the radial distribution of stripped nuclei in central
galaxies in clusters of different masses and finds no particular
correlation between radial distribution and cluster mass. There is
no particular pattern between cluster mass and the shallowness or
steepness of the distributions: for example, the galaxy within the
most massive cluster is in the centre of the distributions.

4.4 Do objects transitioning from galaxies to UCDs by the
stripping process exist?

Pfeffer et al. (2014) predicted that Virgo should contain 9-12
disrupting nucleated galaxies. A number of studies have found
galaxies that appear to be in the process of being stripped to become
UCD-like objects (Richtler et al. 2005; Brodie et al. 2011; Liu et al.
2015b). We find that around 6.3 & 3.2 such objects should exist
in Virgo-sized clusters and between 1 and 3 for massive galaxies,
consistent with Pfeffer et al. (2014). Therefore, our simulations
show that objects can exist that are nuclei in the process of being
stripped. An additional number of merging galaxies may exist that
have suffered significant tidal stripping but are still considered by
EAGLE to be separate galaxies, and resemble UCDs in the process
of formation.

4.5 Caveats

One source of uncertainty lies in the scatter from the nucleus-to-
galaxy mass ratio. We have assumed that the nuclei survive the galaxy
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merger, based on predictions from previous studies (e.g. Bekki et al.
2001, 2003). These studies model the formation of stripped nuclei
from typical dwarf galaxies in the 103 My, to 10'© My, mass range
with typical nuclei sizes of 2—-20 per cent the stellar envelope mass.
However, due to the scatter in the nucleus-to-galaxy mass ratio, some
of our lower mass stripped nuclei will have been produced by M <
10% My, galaxies with very high nuclear star cluster to galaxy stellar
mass ratios. The effect the threshing process has on these types of
galaxies has been less studied than the typical mass range and nuclear
star cluster/galaxy mass ratio. If low-mass galaxies with very high
nuclear star cluster masses are more likely to be totally disrupted
than the typical models, it would substantially decrease our predicted
numbers of low-mass stripped nuclei. Janssens et al. (2016) studied
ultradiffuse galaxies and suggested that they are easier to disrupt than
typical galaxies, for example.

Additionally, our method relies on the assumption that nuclei at
high redshifts have the same nucleus mass and nucleation fraction
relationships, as those observed today. If these relationships are
different at high redshifts, it will significantly impact the numbers
and mass relationships of stripped nuclei that form.

Another challenge is that the observations we are using rely on
sampling UCDs with radii > 11 pc, while our stripped nuclei samples
are mass-based, and we are unable to determine the radii of our
stripped nuclei. As a result, we may overestimate the number of
M > 1 x 107 M, stripped nuclei relative to observations of UCDs,
because we cannot be sure that none of our sample of stripped nuclei
have radii < 11 pc.

Other sources of uncertainty may be induced by the simulation,
and are outlined in Section 2.5. The unstable behaviours galaxies
exhibit during mergers can impact the masses of the resulting stripped
nuclei. Because stripping can begin several snapshots before the
merger event, the stellar mass of the merging galaxy is taken to be
the maximum of that in the snapshots before merger. However, in
mergers that exhibit mass switching between the progenitor and the
central galaxy, the true stellar mass of the progenitor is difficult to
determine, and so is taken from the snapshot in which the central
galaxy mass is at a maximum. This may result in the mass of
the stripped nucleus being underestimated if this snapshot did not
contain an accurate stellar mass before stripping. This means a small
number (< 5 per cent) of our stripped nuclei may have underestimated
masses.

At the lower limit of our galaxy stellar masses of M > 1 x 107 Mg
galaxies may be resolved by less than 10 stellar particles. This could
affect two properties: (1) the number of low-mass galaxies in the
simulation, and (2) their orbits. The number of low-mass galaxies in
EAGLE is fairly accurate, as it is a calibrated property (Schaye et al.
2015). Galaxy orbits should also be fairly accurate as this property
will be determined largely by the dark matter halo, which is resolved
by as many as ~1000 particles at a stellar mass of M > 1 x 107 M.
We could raise the lower mass limit to improve the reliability of low-
mass galaxies in the sample, but this would induce a separate source
of error as we do expect lower mass galaxies to produce stripped
nuclei.

There is evidence that accretion of ex sifu material on to galaxies in
the EAGLE simulation might be less efficient in high-mass clusters
(Davison et al. 2020). This is possibly because high passing velocities
inhibit true merging at z = 0. This could affect the number of stripped
nuclei formed and their masses. Extending our analysis to lower mass
clusters and groups could help to verify our results. This we defer to
a later paper.

It should be noted that there are large uncertainties in our numbers
of stripped nuclei per galaxy (as seen in Fig. 14), and unknown
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uncertainties in the masses and numbers of observed UCDs caused
by factors such as the radius limit and the use of a broad mass-to-light
ratio. Due to this, our results comparing the numbers and masses of
stripped nuclei to UCDs are significantly less reliable than our radial
distribution comparisons, which we are confident in.

5 SUMMARY

In this paper, we present the first work to simulate stripped nuclei
formation in hydrodynamical cosmological simulations and compare
them to observations of UCDs. We use the EAGLE simulations to
predict the numbers, masses, and distributions of stripped nuclei
formed in Virgo-sized galaxy clusters. Our conclusions are summa-
rized as follows.

5.1 Radial distributions

(i) Simulated stripped nuclei cluster strongly around the galaxies
their progenitors merged with, rather than being spread evenly
throughout the cluster. Observed UCDs similarly cluster around the
most massive galaxies.

(ii) The most viable method of comparing radial distributions of
stripped nuclei involves using M > 1 x 107 Mg, stripped nuclei and
rescaling the distributions by the galaxy effective radius.

(iii1) The radial distribution of UCDs around M87 is consistent with
the radial distribution of stripped nuclei around the central galaxy
of the most massive simulated galaxy cluster for M > 2 x 10® Mg
stripped nuclei.

(iv) The radial distribution of UCDs around massive galaxies in
the Virgo cluster is consistent with the radial distribution of simulated
galaxies.

5.2 Numbers and masses

(1) Stripped nuclei can fully explain the number of
M > 1 x 107 Mg UCDs in the Virgo cluster around individual
galaxies and in the full cluster.

(i1) Galaxy halo mass predicts the number of UCDs surrounding
the Virgo galaxies more accurately than stellar mass.

(iii) We predict that there should exist a number of
M < 2 x 10° Mg stripped nuclei; several hundred surrounding
massive galaxies and over a thousand in massive clusters.

5.3 Central galaxy mass versus host cluster mass

(1) The numbers of UCDs around individual galaxies are strongly
correlated with the stellar mass and halo mass of the central galaxy.
This relationship does not depend on the mass of the host cluster.

(ii) The radial distribution of stripped nuclei around central galax-
ies in different simulated clusters shows no dependence on cluster
mass.

5.4 Transition objects

(1) In Virgo-sized clusters, there should exist around six objects
transitioning from galaxies to stripped nuclei. Around 1-3 of these
objects should exist for massive galaxies.

In conclusion, stripped nuclei can explain the numbers and
distributions of high-mass UCDs in the Virgo cluster and around
massive galaxies. The use of hydrodynamical simulations appears
to solve some of the issues dark matter only simulations face with
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predicting numbers and distributions. We additionally predict that
there should exist stripped nuclei with masses typical of GCs, as
well as a number of transition objects.
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